Rationale: Sputum neutrophil elastase and serum desmosine, which is a linked marker of endogenous elastin degradation, are possible biomarkers of disease severity and progression in bronchiectasis. This study aimed to determine the association of elastase activity and desmosine with exacerbations and lung function decline in bronchiectasis.
Bronchiectasis is characterized by permanent bronchial dilatation associated with chronic neutrophilic airway inflammation (1) . The pathogenesis of bronchiectasis is poorly understood, but activated neutrophils are believed to be a key component of the "vicious cycle" of lung damage (2) . Neutrophil elastase (NE) is a 29-kD serine protease stored in azurophilic granules that may be released during degranulation, neutrophil extracellular trap formation, or cell death (3) (4) (5) (6) (7) (8) . NE is proinflammatory, slows ciliary beat frequency, and stimulates mucus secretion (9, 10) . It is found in high concentrations in the sputum of patients with neutrophilic lung diseases, including bronchiectasis, chronic obstructive pulmonary disease, and cystic fibrosis (CF) (5) (6) (7) . It is believed that unopposed action of NE directly contributes to the pathogenesis and progression of these diseases.
NE activity is inhibited by antiproteases, including secretory leukoproteinase inhibitor produced by bronchial epithelium and by serum-derived alpha-1 antitrypsin (11) . In addition, the presence of high concentrations of DNA released during neutrophil extracellular trap formation inhibits elastase activity, both directly and indirectly by modulating the response to NE inhibitors (12) . Epithelial-derived factors (e.g., syndecan-1) also complex with elastase in the airway and reduce the inhibitory capacity of alpha-1 antitrypsin (7, 12) .
Thus, the activity of NE within the inflamed airway is usually controlled by a range of inhibitors. However, in bronchiectasis, release of NE overwhelms the antiproteinase defense, which leads to detectable levels of NE proteolytic activity in sputum and bronchoalveolar lavage (13) (14) (15) . This can be measured readily using assays that detect cleavage of chromogenic or fluorogenic peptide-based substrates in sputum, or downstream by measuring the endogenous degradation of mature elastin through the quantification of the unique covalent cross-linking amino acids desmosine and isodesmosine in serum and/or plasma (circulating desmosine [cDES] ) (16, 17) .
There are no widely accepted biomarkers of disease progression in bronchiectasis, but evidence is accumulating that sputum NE activity correlates with disease severity. In a study of 30 patients, Tsang and colleagues showed that NE activity correlated strongly with 24-hour sputum volume, extent of bronchiectasis, and FEV 1 (13) . In 385 patients with bronchiectasis from the UK, NE activity was correlated with airway bacterial load, the presence of Pseudomonas aeruginosa, and the extent of radiological bronchiectasis (14) . No previous study has investigated the association of sputum NE activity or cDES with clinically relevant outcomes in bronchiectasis during long-term follow-up. In this study, we prospectively tested the hypothesis that elevated sputum NE activity or the related biomarker cDES is associated with increased frequency of exacerbations and lung function decline.
Methods
This study was conducted and is reported according to Strengthening For inclusion in the present analysis, patients were asked to provide serum and sputum samples at the same baseline visit when clinically stable (defined as no antibiotic treatment within the preceding 4 weeks, excluding prophylactic oral or inhaled antibiotics).
Clinical Assessment
Full details of the clinical assessments are shown in the online supplement. The underlying cause of bronchiectasis was determined by standardized testing according to British Thoracic Society recommendations (19) . The bronchiectasis severity index (BSI) was calculated as described (20) . Quality of life was evaluated using the St. George's Respiratory Questionnaire (SGRQ) (21) . Chronic infection was defined as the isolation of pathogens on at least 2 occasions 3 months apart during the preceding 12 months (22) . Spirometry was performed according to American Thoracic Society/European Respiratory Society guidelines (23) . The severity of radiological bronchiectasis was evaluated using the Reiff score (24) . Exacerbations were defined according to British Thoracic Society recommendations, and severe exacerbations were defined as those requiring hospital admission (19) .
At a Glance Commentary
Scientific Knowledge on the Subject: There are no validated biomarkers of disease severity and progression in bronchiectasis. Studies in cystic fibrosis (CF) and pilot studies in non-CF bronchiectasis suggest that neutrophil elastase is associated with more severe disease and airway bacterial infection. We prospectively tested the hypothesis that exacerbations and lung function decline are associated with increased sputum neutrophil elastase activity and the related circulating biomarker desmosine.
What This Study Adds to the Field: Neutrophil elastase was associated with clinical and radiological extent of disease and with lung function. During follow-up, elevated levels of sputum neutrophil elastase activity identified patients at higher risk of exacerbations and severe exacerbations who required hospital admission over 3 years. Sputum elastase activity was also independently associated with lung function decline. Increased circulating desmosine was also associated with a higher risk of severe exacerbations. Because few clinical parameters have been shown to be associated with bronchiectasis outcomes, sputum neutrophil elastase and circulating desmosine may be useful adjuncts to clinical assessment or to patient evaluation in clinical trials.
Sputum Sampling and Processing
Spontaneous sputum samples were split for microbiology and inflammatory marker measurement. For measurement of inflammatory markers, including NE, spontaneous sputum was ultracentrifuged at 50,000 3 g for 90 minutes, and the soluble fraction carefully removed (14) .
Methods of Measurement of NE Activity and Other Inflammatory Markers
Because previous studies have used several different methods of NE quantification, we simultaneously evaluated three methods in this study; two assays for sputum NE activity and one for cDES measurement.
Active NE was measured using an activity-based immunoassay (ProteaseTag Active NE Immunoassay referred to as the ABI-NE assay) (ProAxsis Ltd, Belfast, UK) in accordance with the manufacturer's instructions (25, 26 ) and a fluorogenic substrate-based kinetic assay (referred to as kinetic-NE assay). The kinetic-NE assay used the substrate N-methoxysuccinyl-AlaAla-Pro-Val-7-amido-4-methylcoumarin (Sigma-Aldrich, St. Louis, MO).
Sputum samples were assayed at dilutions ranging from 53 to 2,0003, and assays that remained below the lowest limit of detection (0.016 µg/ml) at 53 dilution were recorded as zero for the purposes of analysis.
Measurement of serum and sputum inflammatory markers (C-X-C ligand 8 [CXCL8], IL-1b, tumor necrosis factor-a [TNF-a], and extracellular newly identified receptor for advanced glycation endproduct-binding protein [EN-RAGE]) were performed using commercially available ELISA. Before use, kits were validated for use in sputum according to the methods described by Woolhouse and colleagues (27) .
Serum Desmosine Measurement cDES was measured in serum using a validated liquid chromatography-mass spectrometry/mass spectrometry method as previously described (16, 17) .
Exacerbation Study
Patients (n = 26) included in the main study who visited a hospital for a severe exacerbation of bronchiectasis were enrolled in a substudy of changes in NE during exacerbations (19) . Spontaneous sputum samples were collected on day 1 before commencement of antibiotics and after treatment at day 14. Patients received standardized treatment for 14 days based on their previous sputum microbiology (19) . These 26 patients subsequently had additional sampling 6 months postexacerbation to determine dynamics of NE.
Statistical Analysis
Mean and SD were used to display continuous normally distributed data with median and interquartile range (IQR) for continuous nonnormally distributed data, and frequencies and percentages for categorical data. The association of biomarkers with linear variables was performed using Spearman's correlation, whereas between group differences were evaluated by analysis of variance or Kruskal-Walis test. Frequency of exacerbations and severe exacerbations were evaluated using Poisson regression adjusted for duration of follow-up. Time to event data (time to first exacerbation, first hospital admission, and death) were analyzed using Kaplan-Meier survival analysis and Cox proportional hazard regression for multivariable analyses. Discrimination for mortality and severe exacerbations at 3 years was analyzed using the area under a receiver-operating characteristic curve (AUC). Analysis of FEV 1 decline over 3 years was performed using multiple linear regression with appropriateness of the linear regression modeling evaluated by examining the distribution of residuals. In some analyses, patients were split into three groups based on low, intermediate, and high elastase levels, with cutoffs selected using Youden's index. Patients with missing data were excluded from analysis of the specific test as outlined in the following. No imputation methods were used. Sample size was empirically based on previous studies with equivalent lengths of follow-up (14) .
Results

Patient Cohort
The study included 433 patients, of whom 381 patients were able to provide a sputum sample sufficient for measurement of NE activity. The flow of patients through the study is shown in the STROBE flowchart ( Figure 1 ).
Characteristics of the included patients are shown in Table 1 . The median (IQR) age was 67 (58-74) years; 60.7% of patients were women, and 45% of patients had idiopathic bronchiectasis. The median exacerbation frequency was 1 per year (IQR, 0-3). The median BSI score was 6, which indicated a population with moderate to severe bronchiectasis (range, 0-24).
There were no significant differences between patients who were able and unable to produce sputum. A total of 42 patients were receiving long-term inhaled antibiotics, and 129 were receiving longterm oral antibiotic treatments at baseline.
Sputum NE Activity Is Associated with Disease Severity
The ABI-NE assay detected activity above the lower limit of detection in 249 patients (65.4%), whereas the kinetic-NE assay detected active NE in 204 (53.5%) samples. The two assay methods were highly correlated (see Figure E1 in the online supplement).
Sputum NE activity as measured by the ABI-NE assay showed a univariate association with cross-sectional markers of disease severity, including the Medical Research Council dyspnea score (r = 0.34; P , 0.0001), SGRQ score (r = 0.28; P , 0.0001), absolute FEV 1 (r = 20.31; P , 0.0001), FEV 1 % predicted (r = 20.33; P , 0.0001), Reiff score (r = 0.29; P , 0.0001), and the BSI (r = 0.49; P , 0.0001). Similar results were obtained with the kinetic-NE assay ( Figure 2 and see Figure E2 ).
Both ABI-NE and kinetic-NE assays were correlated with sputum myeloperoxidase activity (P , 0.0001), but there was no correlation with sputum CXCL8, IL-1b, TNF-a, or EN-RAGE (data not shown).
There was a relationship between NE activity and airway bacterial load (at bacterial load .10 7 cfu/ml) (Figures 3A and 3B). Patients chronically infected with P. aeruginosa, Enterobacteriaceae, and Haemophilus influenzae had increased levels of NE using both assays (P , 0.0001) compared with patients without chronic bacterial infection.
Sputum NE Activity and Longitudinal Clinical Outcomes
In the sputum producing cohort, the mortality rate was 8.7% and 25.5% of patients who had hospital admissions for severe exacerbations during follow-up. The median frequency of exacerbations was 1 per patient per year (IQR, 0-3).
Because the ABI-NE assay was more sensitive and had stronger correlations with the most clinical outcomes for clarity, we only presented the results for the ABI-NE assay here. Using receiver-operating characteristic analysis, ABI-NE activity was associated with hospital admissions during follow-up (AUC, 0.75; 95% CI, 0.72-0.79) and mortality (AUC, 0.70; 95% CI, 0.67-0.73). Entering NE activity as a continuous variable, after multivariable adjustment, including the BSI, a 1 µg/ml increase in NE activity was independently associated with a 0.5% increased risk of hospital admission (hazard ratio [ Figure 4A ). Consistent with this, elevated NE activity was associated with a shorter time to next exacerbation (P , 0.0001) ( Figure 4B ), shorter time to next severe exacerbation (P , 0.0001) ( Figure 4C ), and increased allcause mortality ( Figure 4D) (P , 0.0001 ). An analysis of exacerbation frequency according to different severity groups using the BSI is shown in Table E2 . Prediction statistics are shown in Table E3 .
FEV 1 decline over 3 years was normally distributed. The mean FEV 1 decline was 48.2 ml/yr (SD 83.7). Across the defined three elastase groups, mean FEV 1 decline was 35.6 ml (SD 81.1) for NE activity ,0.016 µg/ml, 49.5 ml (SD 92.5) for intermediate elastase levels, and 56.4 ml (SD 67.4) for those with NE .20 µg/ml. On univariate regression, there was a weak but statistically significant relationship between NE activity and FEV 1 decline (P = 0.004). After adjustment for BSI, sex, and baseline FEV 1 , increasing NE-ABI elastase was associated with more rapid lung function decline (b coefficient, 20.139; P = 0.001; model fit r = 0.7).
Serum Desmosine Is Associated with Age and Disease Severity cDES was most strongly correlated with age (r = 0.48; P , 0.0001 ( Figure 5A ). Additional univariate correlations were observed between cDES and Medical Research Council dyspnea score (r = 0.32; P , 0.0001), SGRQ (r = 0.40; P , 0.0001), absolute FEV 1 (r = 20.39; P , 0.0001), and Reiff score (r = 0.15; P = 0.002). cDES was also significantly higher in patients who had P. aeruginosa (P , 0.0001). There was an association between cDES and BSI (r = 0.46; P , 0.0001). Correlations were demonstrated with sputum NE activity (see Figure E1 ). Removing the outliers at .1 ng/ml showed similar correlations with markers of disease severity as described in the online supplement.
In the total cohort, mortality was 9.5% and 22.6% of patients admitted to hospital for severe exacerbations. Median exacerbation frequency was 1 per patient per year (IQR, 0-3).
In analysis of longitudinal clinical outcomes, there was no relationship between cDES and FEV 1 decline over 3 years (P = 0.1), but there was a strong relationship between cDES and severe exacerbations (HR, 6.0; 95% CI, 3.61-10.0; P , 0.0001), which persisted after adjustment for BSI (HR, 2.7; 95% CI, 1.42-5.29; P = 0.003). There was no significant association between cDES and moderate exacerbations (P = 0.2), but after combining moderate and severe exacerbations, a statistically significant association more than 0.4 ng/ml was observed (RR, 1.96; 95% CI, 1.61-2.39; P , 0.0001).
There was similar association between cDES and all-cause mortality (HR, 2.60; 95% CI 1.24-5.45; P = 0.01), but this relationship was not statistically significant after adjustment for BSI (HR, 1.15; 95% CI, 0.45-2.91; P = 0.8). Additional models are shown in Table E2 . The AUC values for biomarkers compared with individual recognized predictors of outcome in bronchiectasis is shown in Table E4 .
A sensitivity analysis conducted in patients taking long-term antibiotics demonstrated that sputum NE and cDES had similar associations with long-term outcomes compared with the overall cohort (Table E5) .
Changes in NE at Exacerbation and after Antibiotic Therapy
To determine whether sputum NE was responsive to treatment, we studied 26 patients during an acute exacerbation that required intravenous antibiotic therapy. Characteristics of the included patients compared with the overall population are shown in Table E6 .
Median ABI-NE levels were 0.39 µg/ml (IQR, 0-23.5) at baseline, 57.0 µg/ml (IQR, 3.3-145 µg/ml) at onset of exacerbation, 0 µg/ml (IQR, 0-25.8) after 14 days of antibiotic therapy, and 1.3 µg/ml (IQR, 0-29.9) at the second stable measurement 6 months later ( Figure 6 ). Although NE activity was generally higher at exacerbations than at baseline (P = 0.0002) and at recovery (P , 0.0001), the assay did not discriminate between exacerbation and disease quiescence because of the high baseline activity in some individuals. The ABI-NE assay level .50 µg/ml was associated with a sensitivity of 57.7% and specificity of 92.3%. An increase from baseline was present at exacerbation in 20 of 26 patients at exacerbation.
Remarkably, even with this small sample size, failure to return to NE baseline levels after completion of antibiotics was associated with a shorter time to the next exacerbation (HR, 2.92; 95% CI, 1.16-7.38; P = 0.02). Data on the correlation between elastase measurements at two stable visits more than 6 months apart are shown in Figure E3 .
Discussion
This study indicated a role for sputum NE activity as a biomarker of disease severity and disease progression in bronchiectasis, while also providing the first data on the linked biomarker cDES. NE activity in sputum was independently associated with risk of exacerbations, severe exacerbations, and lung function decline, even after adjustment for underlying severity of the disease. This suggested that NE is a useful marker that might identify patients at future risk. Elastase is dynamic and responded to Definition of abbreviations: ABPA = allergic bronchopulmonary aspergillosis; COPD = chronic obstructive pulmonary disease; CT = computed tomography; MRC = Medical Research Council; NTM = nontuberculous mycobacteria. Data are presented as median (interquartile range) or n (%). *Defined as isolation of a pathogenic microorganism in sputum when clinically stable on two occasions at least 3 months apart in a 12-month period.
treatment, and we showed that a failure to improve elastase with treatment predicted a shorter time to the next exacerbation. To the best of our knowledge, NE activity is the first biomarker to be associated with this range of clinically relevant outcomes in bronchiectasis. This confirmed and extended previous observations in diverse bronchiectasis populations in Hong Kong, Belgium, and the UK (13-15).
Tsang and colleagues previously showed that 24-hour NE output was correlated with 24-hour sputum volume, radiological severity of bronchiectasis, and FEV 1 (13) . NE is not the only airway protease found in the bronchiectasis lung, but Goeminne and colleagues, in a study of 63 patients, showed that NE accounted for 82% of the total gelatinolytic activity of sputum, making a greater contribution than matrix metalloproteinases (15) . Goeminne and colleagues also showed a statistically significant association between NE and FEV 1 % predicted, which was not seen for matrix metalloproteinase-9 (MMP-9) (15). In the largest previous study on 385 patients with bronchiectasis, sputum NE activity measured using a kinetic assay was found to be associated with bacterial load, P. aeruginosa infection, radiological severity, and lung function (14) . However, previous studies used a variety of different assays and a limited number of bronchiectasis severity indexes without longitudinal follow-up.
It is essential that candidate biomarkers undergo independent validation because markers typically perform better in their "discovery" or derivation cohort than in subsequent independent cohorts (28). Our study therefore validated these previous findings in a large cohort, because we demonstrated a clear association between elastase activity and a variety of markers of disease severity, including breathlessness, quality of life, and FEV 1 . There was a strong relationship between elastase activity and the multidimensional BSI (20) . We observed strong relationships between NE activity and bacterial load. NE activity was also highest in patients with P. aeruginosa infection, and this was consistent with previous studies in bronchiectasis that showed that bacteria, and P. aeruginosa in particular, were the key drivers of airway neutrophilic inflammation (22) , and that that P. aeruginosa infection represented a distinct clinical phenotype associated with earlier mortality, more frequent exacerbations, and worse quality of life (14, 22, 29, 30) .
Although a biomarker that identifies patients with more severe disease is of interest, it is most important to find biomarkers that can identify patients at highest risk of future exacerbations and disease progression. Our study showed that NE activity was independently associated with lung function decline over 3 years, and identified elastase as the first biomarker associated with disease progression in bronchiectasis. In addition, elastase was independently associated with future exacerbations. Although patients with the highest elastase levels were at an increased risk of early death, this association was not independent of disease severity using the BSI, and only the highest levels of elastase were associated with increased mortality, which indicated that airway inflammation itself was not likely to be the primary driver of mortality in this population. Our data were consistent with those seen in CF, in which NE has been shown to be a key biomarker (31) (32) (33) . In a pooled analysis of 4 multicenter studies, MayerHamblett and colleagues showed a clear relationship between elastase and FEV 1 (31) . Sagel and colleagues extended these observations and demonstrated that elastase was the strongest predictor of lung function decline over 3 years (32) . Sly and colleagues also demonstrated that elastase activity present in bronchoalveolar lavage was the strongest predictor of the early development of bronchiectasis in infants with CF (33) .
Bronchiectasis has been a neglected disease and so, in contrast, biomarker studies are in their infancy. Markers identified in bronchiectasis include sputum MMP-8 and MMP-9, which were shown in a Chinese cohort to correlate with radiological severity, FEV 1 , and the BSI (34) . These findings were extended by Taylor and colleagues who showed that MMP-8 and MMP-9 were higher with P. aeruginosa or H. influenzae colonization and inversely associated with lung function (34, 35) . These studies included 102 and 86 patients, respectively, and included only 1 year of follow-up; therefore, further large validation studies are required.
Inconsistent results were seen with cytokines such as CXCL8, TNF-a, and IL1b in previous studies; in the present study, these were not significantly associated with clinical outcomes (14, 36) .
No blood biomarkers have been studied in detail in bronchiectasis, which makes the identification of cDES as a potential marker of severity of significant interest. The results here are similar to those recently described in a large cohort with chronic obstructive pulmonary disease, in which cDES was associated with age and quality of life (17) .
There was overwhelming evidence that elastase is involved in the pathophysiology of bronchiectasis. Destruction of elastin, basement membrane collagen, and proteoglycans by proteases contributes to disease progression and might explain the relationship between elastase and FEV 1 decline observed in this study (37) . NE induces neutrophil dysfunction through multiple mechanisms, including cleavage of FcgRIIIb, and has also been shown to cleave complement receptor 1 in patients with CF (3, 38) . NE can also cleave the opsonin iC3b from the surface of pathogens, leading to opsonin/receptor mismatch (39), although Vandivier and colleagues showed that elastase cleaved phosphatidylserine, which prevented the phagocytosis and clearance of apoptotic cells (40) . Therefore, not surprisingly, therapeutic manipulation of elastase has been proposed in bronchiectasis. In a proof of concept study, Stockley and colleagues tested an oral NE inhibitor for 4 weeks in 38 patients with bronchiectasis (41) . Although the primary outcome of a reduction in sputum neutrophils was not achieved, the study showed a clinically important and significant improvement in FEV 1 of 100 ml versus placebo, and a more than 4-point improvement in the SGRQ, which did not reach statistical significance (41).
Although NE activity appears able to stratify patients as high and low risk of disease progression, we cannot currently recommend management decisions based on elastase measurement. The next step would be implementation of such a strategy in a controlled clinical trial. Sputum biomarkers are not currently in routine use, and implementation would be greatly enhanced by the availability of a point-of-care device that could make the assay more rapid and accessible.
Because we and others have shown that elastase is responsive to change, and that changes in elastase correlate with clinical outcomes, measurement of NE might be particularly useful in clinical trials, where it could be used as an early "signal searching" or "early efficacy" endpoint for new antibiotics or antiinflammatory therapies (14, 42) . Such endpoints are essential to identify candidates in smaller clinical trials before embarking on large definitive phase 3 studies. It has been suggested that the absence of such an early response endpoint has contributed to the failure of a number of large phase 3 programs to reach their primary endpoints (43) . NE should be further evaluated for this purpose.
There are a wide range of commercially available NE assays, and our data only demonstrated the validity of the ABI-NE, kinetic NE, and cDES assays in bronchiectasis. Additional studies with alternative assays, including those that quantify total elastase rather than elastase activity and urinary desmosine, may not give the same results. This was a singlecenter study, although the external validity of our results were strengthened by the similarity of the characteristics of these patients with other cohorts across Europe and the previous validation of findings from our center across multiple European centers (20, 44) . We did not obtain multiple elastase measurements over time, except in a subset, and it will be important in the future to determine if repeated measurement of elastase could provide improved predictive accuracy. The cutoffs that we proposed here for intermediate and high levels of NE were not independently validated and should be tested in future cohort studies. The use of expectorated sputum for NE measurement might introduce sampling bias because only patients able to produce sputum could be included.
Conclusions
Sputum NE activity is associated with the future risk of exacerbations, including severe exacerbations and lung function decline in bronchiectasis. Elastase is therefore a marker of disease progression in bronchiectasis that may complement clinical assessment of multidimensional clinical scoring systems. NE levels reflect clinical status, and its response is associated with future risk of exacerbations. Future interventional studies should therefore evaluate whether elastase reduction can be used as a surrogate of efficacy in clinical trials. n 
